Azimuthal beam scanning makes evanescent-wave (EW) excitation isotropic, thereby producing total internal reflection fluorescence (TIRF) images that are evenly lit. However, beam spinning does not fundamentally address the problem of propagating excitation light that is contaminating objective-type TIRF. Far-field excitation depends more on the specific objective than on cell scattering. As a consequence, the excitation impurities in objective-type TIRF are only weakly affected by changes of azimuthal or polar beam angle. These are the main results of the first part of this study (Eliminating unwanted far-field excitation in objective-type TIRF. Pt.1. Identifying sources of nonevanescent excitation light). This second part focuses on exactly where up beam in the illumination system stray light is generated that gives rise to nonevanescent components in TIRF. Using dark-field imaging of scattered excitation light we pinpoint the objective, intermediate lenses and, particularly, the beam scanner as the major sources of stray excitation. We study how adhesion-molecule coating and astrocytes or BON cells grown on the coverslip surface modify the dark-field signal. On flat and weakly scattering cells, most background comes from stray reflections produced far from the sample plane, in the beam scanner and the objective lens. On thick, optically dense cells roughly half of the scatter is generated by the sample itself. We finally show that combining objective-type EW excitation with supercritical-angle fluorescence (SAF) detection efficiently rejects the fluorescence originating from deeper sample regions. We demonstrate that SAF improves the surface selectivity of TIRF, even at shallow penetration depths. The coplanar microscopy scheme presented here merges the benefits of beam spinning EW excitation and SAF detection and provides the conditions for quantitative wide-field imaging of fluorophore dynamics at or near the plasma membrane.
INTRODUCTION
Confinement of fluorescence excitation (as opposed to confining the fluorescence read-out volume) offers several advantages for live-cell imaging as it leaves large portions of the sample unilluminated, thereby reducing photodamage and reactive oxygen species production and maintaining a large intracellular reservoir of unbleached fluorophores. Total internal reflection fluorescence microscopy (TIRFM, (1) (2) (3) ) that confines fluorescence excitation to a thin (~100 nm 1/e) sheet of light close to the basal plasma membrane is a broadly used example for such light-confinement techniques. TIRFM is routinely used in cell biology and biophysics to image lipid (4), organelle (5) , or single-molecule (6, 7) dynamics at or near the plasma membrane, and it permits the acquisition of thousands of image frames, allowing minimally invasive long-period observation. The introduction of objective-type TIRFM in the late eighties (8) made the acquisition of TIRF images possible on a standard inverted fluorescence microscope, with only minor modifications in the illumination optics and provided that objective lens had a high enough numerical aperture (NA) that must exceed the sample refractive index (n 1 ). The subsequent development by all major manufacturers of dedicated TIRF objectives with NAs between 1.45 and 1.49 (and even higher NAs for some special variants (9) ), has added to the popularity of the technique, and several recently published reviews (10) (11) (12) and protocols (13) (14) (15) have covered many features of TIRFM microscopy.
One more problematic aspect is how to quantify TIRF images (12, (16) (17) (18) (19) . Ambiguities in interpreting absolute fluorescence intensities result from the inhomogeneous (laterally propagating and axially decaying) evanescent wave (EW), but also from local variations of the EW penetration depth d(q) that varies due to inhomogeneity of the refractive index, surface impurities, scattering at and shadowing by optically dense intracellular structures. As a consequence, the exact shape of the intracellular axial intensity decay is generally unknown and the quantitative interpretation of fluorescence intensities in terms of fluorophore brightness, concentration, or axial localization is often not straightforward. This problem, present for all TIRF geometries, is made even more noticeable in objective-type TIRF, where, in addition to sample-induced scattering, stray light generated inside the objective and illumination optical path produces extra unwanted far-field excitation light (17) (18) (19) .
As biological cells are mostly transparent and many subcellular structures and organelles have sizes close to or below the wavelength of light l scattering occurs mostly in the forward direction. Applied to TIRF, this implies that scattered light propagates at angles close to the EW propagation direction. An obvious idea for providing a more evenly lit field of view in TIRFM is therefore to rapidly scan (spin) the azimuthal beam angle of the reflected at the cell/substrate interface, thereby scrambling EW propagation and scatter directions (20) . Spinning TIRF (spTIRF) facilitates the accurate quantification of biological processes at or near the plasma membrane and other advantages have been covered elsewhere (21) (22) (23) (24) . It is important to note, however, that spinning does nothing to solve the scattering problem. It only spatially redistributes scattered excitation light, thereby reducing its directionality but not changing the total number of scattered photons. Furthermore, spTIRF does not abolish the large cell and penetration-depth independent far-field excitation present in objective-type TIRF. The results from our companion work (18) suggest that this nonevanescent (propagating) excitation light is generated far from the sample plane and that other strategies than beam spinning must be pursued to reject this background and improve optical sectioning in prismless through-the-objective TIRF.
In this second part of our study, we now identify the beam scanning device, located in a conjugate field plane, and the objective as the dominant sources of stray excitation in objective-type TIRFM, and we ask whether optical sectioning be improved in any practical manner to render the interpretation of TIRF images less ambiguous. To reject the diffuse fluorescence unaffected by beam spinning, we combine acoustooptic beam spinning (21) with supercritical angle fluorescence (SAF) imaging (25) (26) (27) . SAF only can be emitted from fluorophores located within a distance~l from the interface, because only for these, near-field fluorescence can convert into light propagating at supercritical angles in the nearby glass substrate. More distant fluorophores cannot emit SAF, because none of the far-field radiation is cast into these forbidden angles. Selective high-NA detection hence renders the microscope short-sighted and suppresses fluorescence originating from deeper sample regions. However, as only light traveling at very high NAs must be collected (meaning that a significant portion of the objective back aperture is not used), conventional SAF implementations suffer from a degraded spatial resolution. We therefore turned to a new detection scheme in which a virtual vSAF image is computed from the difference of an image acquired at full NA and a second image taken at a slightly reduced NA rejecting SAF (28) and for which spatial resolution is maintained. Decomposing epifluorescence and variableangle (VA) TIRF images into SAF and undercritical angle fluorescence (UAF) contributions, we quantified the relative contribution from fluorophores close to and distant from the reflecting interface. Our results show that even at 74 beam incidence (NA 1.46) the combination of spTIRF excitation and vSAF detection produces images with an improved optical sectioning compared to standard TIRFM and hence facilitates the quantification of TIRFM images.
MATERIALS AND METHODS
Detailed experimental procedures are found in the companion work (18) .
Cells
Experiments followed EU and institutional guidelines for the care and use of laboratory animals (Council directive 86/609EEC). Cultured astrocytes adopt a flat polygonal shape and were used as an example of a weak scatterer. Cultured as described (29) , they were transfected with plasmids encoding mito-EGFP using standard protocols. BON cells were cultured as described (30) . They contain thousands of large dense-core secretory granules and were used as an example of a strongly scattering cell. Cells were perfused at 1.5 ml/min with physiological saline. All experiments were performed at 22-23 C.
spTIRF microscopy
We adjusted the polar and azimuthal angle (q, f) of a 488-nm beam impinging at the cell/substrate interface with a pair of acoustooptical deflectors (AODs, AA.Opto) positioned very close by. A high-quality scan lens (Rodagon, Rodenstock) focused the scanned beam to a tight spot in a conjugate field plane. All objectives had NAs >1.45 and were piezo positioned to allow in the objective BFP accurate focusing (PIFOC, Physik Instrumente). We used low mW powers in the sample plane and integration times between 25 and 150 ms per frame. See (18, 21) for details on the microscope excitation optical path.
SAF detection
Totally reflected 488-nm excitation light was blocked by two stacked rugate holographic notch filters (Barr Associates, Westford, MA) and the emitted fluorescence extracted with a dichroic mirror (zt491 RDCXT, AHF, Tübingen, Germany) and divided into two detection arms with a nonpolarizing beamsplitter (BS016, Thorlabs, Newton, NJ). One arm collected both under-and supercritical fluorescence (UAFþSAF) as on any conventional fluorescence microscope. In the other arm, an iris located in a conjugate aperture plane (equivalent back-focal plane, EBFP, of the objective) rejected SAF so that only UAF was detected. The position and diameter of the iris were adjusted with the help of a Bertrand lens. The two resulting component images were projected side-by-side onto the same camera (QuantEM512C, total magnification 91 nm/pixel), extracted, translated, rotated, and dilated/contracted for a perfect pixel match (MATLAB, The MathWorks, Natick, MA). Unequal intensity split and pixel sensitivity was compensated for by calibration with a uniform test sample. vSAF images were calculated from the difference of the full-aperture and UAF-only images as vSAF ¼ (UAFþSAF)-UAF, as described in (28) .
Dark-field imaging
To quantify the different contributions to far-field excitation, propagating excitation light was captured through a second objective (Zeiss Plan-Apochromat Â20/NA0.8air or Olympus LUMFl Â60/NA1.1w as indicated) facing the TIRF objective in a geometry similar to that originally described for surface contact microscopy (1) , wavelengths other than 488 nm were rejected with a narrow-band clean-up filter (488/1.9-nm, Semrock, Rochester, NY), and dark-field images captured on a small CMOS camera (DCC1545M, Thorlabs). 
Image analysis
We used METAMORPH (MDS Analytical Technology), NIH ImageJ, and IGOR (Wavemetrics). Dark images were subtracted and images displayed on an inverted (black-on-white) look-up table for better clarity in print.
Statistics
Measurements are reported as mean 5 SD from at least three independent experiments (n reporting the total number of measurements). Paired and unpaired Student's t-tests were used for testing significance of p values. Nonnormally distributed data were compared using their median 5 absolute deviation and Kolmogorov-Smirnov (KS) test. All statistical operations used MATLAB or IGOR software.
RESULTS

Nonevanescent excitation light is generated far from the sample plane
Because they were acquired on different microscopes, it was difficult to directly relate fluorescence and atomic force microscopy images in the first part of this study (18) . To better compare the relative contributions to nonevanescent background excitation arising from volume, surface, and instrument scattering, we therefore mounted an upright microscope onto our inverted TIRFM and detected scattered excitation light in the dark-field, Fig. 1 A. No 488-nm light should enter the upper objective (Â20/NA0.8) for pure evanescence. Yet, dark-field images showed a diffuse haze, immobile spots, and directional features that depended on the EW propagation direction. Azimuthal beam spinning turned some of these specks into a diffuse glare, but it only weakly affected the total intensity detected in dark-field, Fig. 1 B. Thus, corroborating common experience (e.g., when looking onto the TIRFM microscope from above), there is some far-field light leaking from the objective.
To localize the origin of this propagating excitation light, we axially scanned the dark-field objective so that its focus lay at different planes below the coverslip surface. A defocus by dz moves the image plane by M 2 dz, where M is the compound lateral magnification. However, because the number of intermediate optical elements (inside the TIRF objective and deeper in the microscope) increases with growing dz, the axial magnification is not constant and there is no trivial relationship between the defocus and the distance that the image plane advances inside the microscope. We therefore identified lens surfaces and intermediate centering irises inside our microscope as landmarks for unambiguously locating planes (a) to (f), Fig. 1 
Opening these irises again, and now moving the Â20/ NA0.8 objective in 1-mm steps along the optical axis with a piezo scanner, we recorded the dark-field intensity curves in Fig. 1 C (middle panel) as a function of defocus. Some of the excitation impurities do not affect the TIRF image, as seen from the difference in the scattered intensity I s (dz) measured inside (solid) and outside the field-of-view of the TIRF objective (dashed), respectively. The objective (a) along with the multiple surfaces of the Rodagon focusing lens (b, c) are recognized as strong scatterers, as are the lenses of the compressing telescope (d, e) and, particularly, the AODs of the beam-scanning device (f). The surfaces of these optical elements produced sharp specks on the corresponding dark-field images. A diffuse haze was present in the center of the dark-field image all along the optical path, with a maximum seen at the AOD beam scanner (plane f). Thus, stray light generated at the level of the AOD scanners and at the coverslip surface dominated the signal measured within field-of-view of the TIRF objective. In addition to producing a diffuse background, the AOD scanner, located in a conjugate field plane produced intense specks in the dark-field image when focusing at the sample plane. Repeating these experiments for different angles q revealed a similar dependence of I s on defocus, suggesting that the contributions of the individual optical elements to stray excitation were only slightly affected by the exact beam path through the microscope optics, Fig. 1 C, bottom, as expected from the negative-staining TIRF image data reported in the first part of this study (18) .
In view of these results, we predicted that a partial obstruction of a conjugate aperture plane (EBFP of the objective), located between the two lenses of the compressing telescope should reduce stray excitation in the sample plane. Fig. 1 D illustrates the success of this Fourier-plane filtering strategy. The insertion of a small micromachined disk at plane (e) reduced I s from 89.8 5 35.6 to 20.3 5 14.1 cts (n ¼ 9) suggesting that~75% of the stray excitation contributed by the microscope was generated upstream from this aperture, that is, by the AODs and the first lens of the compressing telescope. Conversely, when we removed the aperture mask and instead stopped down the EBFP iris to block the circularly scanned excitation beam, I s was still 52.1 5 21.5 cts, meaning that~60% of the stray excitation was contained outside the first (in fact 1,1) diffraction order of the scanned excitation beam. Thus, diffuse stray excitation generated by beam propagation through the AOD crystal and at the AOD surfaces is the largest single contributor to instrument-induced far-field excitation. As the AODs are located in a conjugate field plane, any stray light produced there is imaged right into the sample plane (critical illumination). In the following experiments aiming at identifying other, more subtle sources of background excitation, we therefore systematically placed the aperture mask in the EBFP to reject AOD-generated far-field light.
The amount of cell-induced scattering strongly depends on the cell type imaged
Attenuating AOD-induced scatter as before and now focusing at the coverslip surface we compared dark-field images before and after coating coverslips with cell-adhesion molecules as well as in the presence and absence of cells grown on top. To allow for live-cell imaging in physiological saline, we now used a Â60/NA1.1w dipping lens instead of the former air objective for dark-field imaging. Whereas no significant differences were detected for different regions of interest on the surface of borosilicate (BK-7) coverslips (not shown), collagen treatment modified the dark-field image. Small collagen clumps allowed the identification of the upper coverslip surface on dark-field images (solid arrowhead) or cellular debris (open arrowhead) increased the dark-field signal by~20-30% (DI s /I s,0 ) compared to clean untreated coverslips, Fig. 2 A.
Using a prism-based TIRF geometry, the original Ambrose TIR microscopy work (1) used dark-field scattering and observed that light scattered by the cells (fibroblasts in that case) was distinctly visible above the system background. We repeated these experiments for spTIRF through the objective in the same dark-field configuration as that used previously. Moving an astrocyte as an example of a weakly scattering cell into the field-of-view measurably increased DI s /I s,0 . For the cell shown on Fig. 2 B the relative increase in dark-field light detected within the field-of-view of the TIRF objective was~25% for unidirectional and 16% for spTIR excitation at a beam angle of q ¼ 63 (critical angle q c þ 2 , which is fairly typical for many TIRF experiments). Unidirectional EW illumination produced far-field excitation in the direction of EW propagation, comforting our earlier interpretation of TIRF images (Figs. 2-4 in (18)). A full data set showing the four cardinal images acquired at NWSE EW propagation and the corresponding spTIR dark-field image is displayed in Fig. S1 in the Supporting Material. Our dark-field experiments also confirm and extend the earlier finding that EW scattering is highly directional and that spTIRF spatially redistributes and hence dilutes this cell-induced scattering.
We measured DI s /I s,0 rather than absolute dark-field intensities in these experiments because of the large variability of I s among cells and among illumination directions, Fig. 2 C, for which gray open symbols represent measurements from individual cells and the solid symbols and error bars show the population mean 5 SD. DI s /I s,0 varied in an q-dependent manner, being 21 5 14, 25 5 16 and 33 5 15% for spTIR at q ¼ 74 , 70 , and 63 , respectively, again confirming the earlier trend toward a slightly increased cellinduced scattering at larger penetration depths ( Fig.5 in  (18) ). Taken together, although astrocytes increased the dark-field signal, they were not its dominant source, which by large remained stray light generated by the microscope.
Given that cultured astrocytes are very thin and flat and almost completely transparent (i.e., only weakly scattering), we next tested if the optically denser BON cells produced higher dark-field intensities. Bon cells are secretory cells that are similar to chromaffin or PC12 cells and are filled with secretory granules like a jar of olives (30) . As anticipated, these small round cells scattered roughly six times more light into detection aperture of the Â60/1.1w darkfield objective than did astrocytes. For the BON cell shown in Fig. 2 D DI s /I s,0 was 237% for unidirectional and 202% for spTIR excitation, respectively, at 63 . At q ¼ 74 , the highest beam angle that we could attain with the NA1.46 TIRF objective, BON cells still roughly doubled the signal detected in dark-field compared to a cell-free collagencoated coverslip (DI s /I s,0 ¼ 72 5 60%), which favorably compares to our earlier measurement of contaminating extracellular fluorescence at the same beam angle ( Fig. 5 in (18)). Variable angle measurements confirmed a similar angular dependence of DI s /I s,0 on q for BON cells as we observed for astrocytes, Fig. 2 E and Scheme 1.
Overall, these experiments reveal that, despite a large variability between cells, dark-field scatter imaging can be used to quantify how different coverslip treatments and different cell types grown on the substrate affect the contaminating far-field excitation. They recapitulate the slight angle dependence observed before (Pt.1 of this work) and also indicate that, once the AOD-induced stray light is abolished with the aperture mask, cells measurably contribute far-field excitation and deteriorate the excitation confinement of EW excitation. Although the thin transparent astrocytes were only a minor source of far-field excitation relative to instrument-induced glare, the strongly scattering BON cells notably deteriorated excitation confinement, particularly at large penetration depths close to the critical angle. At beam angles well beyond the critical angle (q c þ 5 ) BON cells contributed about the same amount of contaminating far-field excitation as did the microscope itself.
Taken together, the data from our earlier negativestaining VA-TIRFM measurements in the companion work (Pt. 1) and the dark-field measurements presented here produce a fairly consistent picture (summarized in the pie chart in Fig. 3 ): under typical conditions of biological TIRF imaging, the beam scanner alone accounts for roughly half of the propagating excitation light. With~25%, the objective and focusing lens are a secondary but inevitable source of nonevanescent excitation. Relative to this (within the small range of supercritical beam angles roughly constant) instrument contribution, the combined effects of surface and sample scattering were relatively minor, with no more than~10% to 30% for transparent cells and large aggregates of cell adhesion molecules. However, cell scattering can be much higher for optically dense cells, and at angles typically used in biological TIRFM it can exceed the total instrument glare (after having blocked the AOD-induced scatter). Thus, the degradation of TIRFM image quality is inherent to the illumination scheme used in our (and, in fact, most) objective-type VA-TIRF microscopes and is resulting from the optical properties of the biological sample of interest. As such, it is not very different between unidirectional versus azimuthal beam scanning schemes. Thus, other strategies than beam spinning must be devised to abolish the longrange excitation present in objective-type TIRFM.
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SAF detection rejects far-field background
Fluorophores located closer than a wavelength of light to the coverslip change their radiation pattern as near-field evanescent emission couples to the surface and becomes propagative. These waves are directed exclusively into angles beyond the critical angle, which is the same as it would be for TIR excitation at the wavelength of the emitted fluorescence. None of the far-field fluorescence is emitted at these forbidden angles. SAF microscopy uses this distance-dependent change in the dipole-radiation pattern to discriminate between surface-proximal and -distant fluorophores. Using evanescence on the emission side leads to a similar axial confinement as does EW excitation (25, 27) , but conventional implementations of SAF detection degrade lateral resolution (25) (26) (27) 31, 32) .
We used the vSAF technique proposed by Fort and collaborators (28) , in which an image acquired at a slightly reduced NA <n 2 (collecting only UAF) is subtracted from the image taken at full aperture (collecting UAF þ SAF), creating a virtual SAF image vSAF ¼ UAF þ SAF -UAF, for which lateral resolution is preserved because high NAs are available for the acquisition of the two component images. To confirm that vSAF did not compromise spatial resolution, we took unidirectional and spTIRF images of 93-nm yellow/green-fluorescent beads immobilized on the coverslip surface, with and without vSAF detection.
Diameters measured at full width at half-maximum intensity were not appreciably different 102 5 5% (103 5 5%), respectively from their conventional TIRF (spTIRF) counterparts, Fig. S2 and Table S1 .
To convince ourselves of the effectiveness of vSAF detection for biological microscopy, we first imaged cell-adhesion sites as a relatively static sample. spTIRFM images of vinculin-expressing astrocytes acquired at q ¼ 74 revealed the characteristic fluorescence pattern (33, 34) , as well as cytoplasmic vesicles in front of a diffuse haze. Once we had stopped down an EBFP iris to collect only UAF, the image appeared dimmer, but not strikingly different. However, on the corresponding vSAF image calculated from the UAF and full-aperture image, the adhesion sites in the cell periphery located close to the glass coverslip were still visible, but many of the vinculin-bearing vesicles in the cell interior had disappeared, as if these organelles were located close enough to the reflecting interface to be reached by excitation light, but were too far to emit SAF, Fig. S3 .
As we do not know the exact axial fluorophore localization in the case of intracellular fluorescence, it is difficult to make quantitative statements from these images of how efficient SAF is in suppressing fluorophores at a given depth. We therefore next sprinkled fluorescent 93-nm beads on top of cultured astrocytes and acquired a z-stack of epifluorescence (EPI, q ¼ 0 ) images to record axial bead positions, Fig. 4 A. EPI illumination excited beads at various distances from the surface and single-bead images appeared sharp when focusing at the corresponding planes. Decomposing the fluorescence image into its SAF and UAF components, we estimated for each bead the relative contributions of supercritical and undercritical emission. The pseudocolor overlay of UAF and vSAF images reveals that beads close to the coverslip surface almost exclusively emitted SAF, whereas those more distant increasingly emitted more UAF, Fig. 4 B. Selective vSAF detection of EPI-excited fluorescence efficiently removed these distant emitters, leading to a similar confinement as spTIRF (lower panel). To quantify how vSAF detection affected optical sectioning, we plotted the fraction of UAF and SAF emitted from beads seen in-focus upon evanescent-wave excitation for different beam angles, Fig. 4 C. SAF contributed respectively 52 5 17, 53 5 12, 56 5 4, and 64 5 8% (mean 5 SD, n ¼ 20 beads) of the total fluorescence at q ¼ 0 , 63 , 69 , and 74 , meaning that spTIRF excitation preferentially excited surface-proximal fluorophores and higher beam angles increased optical confinement, as evidenced by the growing SAF contribution, but that a substantial amount of fluorophores were located at distances larger than 100 nm from the coverslip surface. UAF accounted still for roughly one-third of the signal detected for surface-proximal beads even at q ¼ 74 for which a calculated EW decay of d~70 nm would have predicted an attenuation of UAF to below noise levels. Thus, we can expect from this experiment that combining spTIR excitation with SAF detection will improve optical confinement in biological microscopy.
To demonstrate that spTIR-vSAF really provides better images in typical TIRF time-lapse experiments, we imaged mitochondrial dynamics in cultured cortical astrocytes. As the astrocyte periphery is very flat (1-2 mm) and mitochondria have typical widths of~0.3-0.5 mm (37), we can assume to look at only one or two mitochondrial layers. Thus, if spTIR-vSAF improves optical sectioning compared to spTIRF alone, this thin sample should be a fairly stringent test. Synchronously acquiring the UAFþSAF and UAF images side by side on the same detector ( Fig. 5 A) allowed us to acquire images sufficiently fast to follow near-membrane mitochondrial movements and systematically vary the EW penetration depth d(q), Fig. 5 B. We again decomposed for each beam angle the fluorescence image into its vSAF and UAF components and quantified the relative contributions of membrane-proximal and -distant fluorophores. EPIexcited (q ¼ 0 ) images were clearly dominated (>60%) by UAF the fraction of which steeply dropped when increasing q beyond the critical angle. Concomitantly, the SAF fraction steadily increased. At q ¼ 0 , 63 , 69 , and 74 SAF contributed 39 5 3, 42 5 2, 44 5 4, and 49 5 2% (mean 5 SD from n ¼ 7 cells), respectively. Thus, although spTIRF at higher beam angles improved optical sectioning, even at 74 about half of the fluorescence came from mitochondria located far from the reflecting interface, Fig. 5 C. As expected, vSAF images (lower row in panel B) did not differ much for different penetration depths of the exciting evanescent field. The axial optical sectioning gain obtained with SAF (compared to TIRF alone) is particularly evident when directly overlaying UAF and SAF images. As shown in Fig. 5 D for q ¼ 69 SAF detection effectively suppressed fluorescence from those mitochondria that crossed and bended up over others (inset images) and Movie S1.
Taken together, we can conclude that even for thin weakly scattering cells such as cultured astrocytes the combined use of evanescence in excitation and emission measurably improves optical sectioning. Thus, compared to TIRFM alone, spTIR-vSAF presents the clear advantage of making sure that the fluorescence collected really comes from those fluorophores located at or near the basal plasma membrane. In particular, vSAF detection efficiently rejects the far-field fluorescence resulting from nonevanescent excitation light that has been notorious with objective-type TIRFM.
DISCUSSION
Using a reconfigurable optical bench TIRFM microscope, we identified different sources of stray excitation that contaminate objective-type EW excitation and quantified their relative importance. The main finding of our study is that for many weakly scattering cell types only a minor fraction of the propagating excitation light commonly observed prismless TIRF results from EW scattering in the sample or at irregularities of the reflecting interface (Pt.1, (18)). Using dark-field scatter imaging we identified stray light generated far from the sample plane as the dominating source of propagating excitation light (Fig. 1) . This is plausible because in common VA-TIRFM designs the scanning device is imaged into the sample plane in geometry known as critical illumination. Critical means here that any imperfections present in the plane of the beam scanner will appear in the field-ofview. Reaffirming the relative importance of the scanning device, Fourier-plane filtering removed two-thirds of this stray excitation ( Fig. 1 ) but it did not block stray light produced by the second large contributor of far-field excitation that is the TIRF objective lens itself. This observation corroborates our earlier finding from Pt.1 of this study ( Fig.7 in (18) ). Objective-generated glare dominated the nonevanescent background excitation when blocking stray light produced by the scanning device by an aperture disk (EBFP filtering) ( Fig. 1) . FIGURE 3 Relative importance of different sources of stray excitation for a typical objectivetype TIRF experiment measured in dark-field without the additional aperture disk to block AOD-generated stray light ( Fig. 1 D) , for weakly (left, 33.8%, 71.4%, and 4.8% for the objective, beam scanner and cells and coverslip, respectively), as well as strongly scattering cells (right, 18.2%, 54.5%, and 27.3%), respectively. To see this figure in color, go online. Our dark-field measurements under various conditions allowed us an estimation of how much the cell itself is a contributor to nonevanescent background excitation relative to the microscope-induced glare, (Fig. 2 ). Although these measurements clearly point out the relative importance of the optics relative to the sample (at least for most weakly scattering cells commonly studied), these measurements make no statement about how intense this unwanted excitation is compared to the localized evanescent excitation that remains undetected in the far-field. The results from nega-tive-staining fluorescence (18) , together with the dark-field imaging data comparing cell-free coverslip regions with astrocytes and BON cells ( Fig. 2 ) and our UAF/SAF measurements (Figs. 4 and 5) suggest that these two signals can be of the same order of magnitude. Directional scattering makes conventional unidirectional TIRFM particularly sensitive to cell-induced scattering. It would thereby seem important to study only organelles (e.g., secretory granules) that are on the up beam side of cells that themselves are not in the scattered field produced by neighboring cells even farther up beam. This conclusion about thick dense cells is an exception to what was the main finding for other, weakly scattering samples of fibroblast-or astrocyte-like morphology-that far-field excitation does not mainly arise from the sample itself. That cells scatter evanescent light, which is detectable in dark-field has been known for long: in 1956 Ambrose used prism-based dark-field surface contact microscopy to study cell motility and migration on glass surfaces (1, 35) . Although our study corroborates these early reports, it suggests as well that for the now most popular objective-type TIRF microscopes cell-induced EW scattering is, albeit detectable, generally not the largest contributor to propagating excitation light, which for most practical biological experiments is generated by the microscope itself. Of importance, recent beam-scanning strategies (18, (20) (21) (22) (23) (24) do not change this fundamental limitation of objective-type TIRFM.
Biophysical
Combined spTIR excitation and vSAF detection improves optical sectioning
The good news is that SAF detection efficiently rejects fluorescence generated far from the reflecting interface. We here demonstrate that the improved optical sectioning is notable even upon EW excitation. By selecting for surface-proximal fluorophores on both the excitation and emission site, concurrent spTIR-vSAF imaging improves the surface selectivity (Figs. 4 and 5). Our results with fluorescent mitochondria in cultured astrocytes show that even at the highest beam angles reached with commonly used TIRF objectives (NA ¼ 1.46), about half of the collected signal does not qualify as SAF. Simultaneous supercritical excitation and emission collection thus outperforms spTIRF alone and removes the major inconvenience of objective-type TIRFM. An analogy can be drawn with other light sheet-based microscopies like selective plane illumination microscopy (SPIM), for which concurrent scanning light sheet illumination and confocal slit-scanning detection was shown to produce improved optical sectioning (36) .
SAF, of course, is not new. The use of evanescence in fluorescence excitation (1) (2) (3) and in emission collection both date back to the 1960-70s. Their combination in stagescanning single-spot TIRFM using a parabolic reflector and confocal spot detection (37) or with prism-based excitation and SAF-detection through a high-NA objective (38) has been used to increase sensitivity in single-molecule assays. Seeger and co-workers (39) used the similarity of UAF and SAF intensities as a quality criterion in a surface-fluorescence correlation spectroscopy assay. Axelrod's recent review in this journal provides an excellent overview of these various TIRF and SAF techniques (31) . vSAF detection (28) allowed us to improve axial sectioning while conserving the original lateral resolution (Fig. S2, Fig. 4) , which is crucial for its use for subcellular imaging in biological microscopy ( Figs. 4 and 5) . In its simplest implementation, vSAF imaging requires only a removable iris in a conjugate aperture plane of the collection optical path ((28) and Fig. S2 ). However, this simple geometry does not permit imaging fast events because one needs to toggle between UAF and full-aperture detections. We therefore implemented an improved scheme in which both the UAF and full-aperture images can be simultaneously acquired using a custom nonpolarizing image splitter ( Fig. 5 ). Similar optical schemes are already used for synchronous dual-color imaging or the detection of orthogonal polarizations. Applied to spTIR-vSAF this dual-view device allowed us time-lapse imaging of subcellular dynamics as shown here for near-membrane mitochondria (Movie S1).
How does TIR-vSAF compare to other approaches that improve optical sectioning? In terms of absolute fluorescence intensities SAF reduces the available signal: By collecting exclusively the radiation emitted into supercritical angles SAF collects only about one-third of the emission detected with conventional full-aperture detection with a NA-1.46 objective of a fluorophore located 100 nm from the reflecting interface. Furthermore, the calculation of the vSAF image requires two images (or, equivalently, splits the available signal into two component images, UAFþSAF and UAF only, Fig. 5 ) but it still produces lower phototoxicity/bleaching compared to TIRF deconvolution (40) , for which at least three (nearest neighbor) and often much more z-planes must be acquired at each time point. Similar to surface-plasmon-assisted fluorescence detection (41, 42) , spTIR-vSAF achieves optical sectioning by making the fluorescence-collection efficiency distance dependent, but it does neither require special silver-coated coverslips, nor (like SPR) does it suffer from metal-induced quenching of surface-proximal fluorophores.
With some right one could ask if SAF detection does not solve a problem that would not exist if one would have not used objective-type TIRF in the first place. Relying on a prism instead of a high-NA objective to guide the beam at a supercritical angle to the reflecting interface produces less glare and stray reflections (6, 44) . On the other hand, a number of reasons still argue in favor of objective-type TIRF: i), with a prism, the objective through which fluorescence is collected faces the reflecting interface from the far side, so that its detection NA is limited by water immersion. Furthermore, fluorescence is collected through the sample and extracellular solution, which can increase scattering and background. More important, SAF is lost. As a consequence, prism-TIRF images are often crisper, but they are also dimmer. ii), Like its objective-type counterpart, prism VA-TIRF also suffers from imperfections of the scanning device, which is imaged into the sample plane (45) (46) (47) , but alternative geometries based on parabolic reflector have been proposed (48) (but are rarely used). iii), The (comparably smaller) effects of EW surface and volume scattering are present independent of the precise way in which TIRF is setup, so that prism-TIRF images of strongly scattering cells as those in Fig. 2 D will still suffer from residual far-field excitation (see, e.g., (46) ) for strong scattering chromaffin cells).
Finally, one should note that, in addition to prism-and objective-based TIRF, there is a third geometry for guiding light to the reflecting interface at supercritical angles. In lightguide-based (49) (50) (51) or around-the-objective TIRF (38) the supercritical beam is coupled to the coverslip from the side and bounces back and forth between its upper and lower totally reflecting interfaces. For this technique autofluorescence (cf. Pt.1) and instrument glare should be drastically reduced, but beam-scanning (VA-TIRF or spTIRF) are not straightforward. There is, to the best of our knowledge, no quantitative comparison between lightguide-based TIRF and the two more standard implementations of TIRF with respect to far-field excitation, optical confinement, and performance for the detection of faint signals.
CONCLUSION
Combining evanescence in excitation and emission presents a compelling technical solution for the challenges associated with interpreting TIRF images. The coplanar microscopy scheme presented here combines the excitation confinement and low photobleaching offered by EW excitation, the even illumination of beam spinning TIRF and the additional emission optical sectioning of SAF detection. were all conducted on a custom-built optical-bench setup, vSAF detection is relatively simply to implement on any commercial TIRF microscope, because it can be integrated into a vSAF module that is inserted between the microscope body and the camera in a similar manner as a dual-view device for simultaneous dual-color detection.
The spTIR-vSAF scheme proposed here will facilitate single-molecule detection, TIR-fluorescence correlation spectroscopy, or TIRF-fluorescence recovery after photobleaching measurements, and improve the surface selectivity of diverse super-resolution techniques including standing-EW structured illumination (53), TIRF-stimulated emission depletion (STED), and localization-based photoactivated localization microscopy/stochastic optical reconstruction microscopy. The association of TIRFM and vSAF is of particular interest when using the recent Â100 and Â150 objectives that-with their small back pupilsimpose a very precise alignment and tight focusing of the excitation beam in their back focal planes.
SUPPORTING MATERIAL
Three figures, one table, one movie, list of abbreviations, and references (54) (55) (56) are available at http://www.biophysj.org/biophysj/supplemental/ S0006-3495(14)00086-1. 
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